The cosmic evolution of gamma-ray burst (GRB) luminosity is essential for revealing the GRB physics and for using GRBs as cosmological probes. We investigate the luminosity evolution of long GRBs with a large sample of 258 Swift/BAT GRBs. Parameterized the peak luminosity of individual GRBs evolves as L p ∝ (1 + z) k , we get k = 1.49 ± 0.19 using the non-parametric τ statistics method without considering observational biases of GRB trigger and redshift measurement. By modeling these biases with the observed peak flux and characterizing the peak luminosity function of long GRBs as a smoothly broken power-law with a break that evolves as
modeling these biases with a large and uniform sample of GRBs with redshift measurement in a broad redshift range is essential to robustly estimate the luminosity evolution. The Swift mission has established a considerable sample of LGRBs with redshift measurement in a range of 0.1 ∼ 9.4 over 10 operation years. This paper revisits the cosmic luminosity evolution with the current redshift-known GRB sample by carefully considering the possible observational biases.
We report our sample and the apparent luminosity dependence to redshift in §2. We derive the L − z dependence for GRBs from the current sample of Swift GRBs with redshift measurement with the non-parametric τ -statistics method ( §3). By considering the BAT trigger probability and redshift measurement probability, we evaluate the L − z dependence with simulations by assuming that GRB rate follows the SFR incorporating with the cosmic metallicity history ( §4).
Based on our simulation analysis, we further investigate how these observational biases affect the results of the τ statistics method ( §5). We present our conclusions and make brief discussion in §6. Throughout the paper the cosmological parameters H 0 = 71 km s −1 Mpc −1 , Ω M = 0.3 and Ω Λ = 0.7 are adopted.
Sample selection and Data
Our sample includes only the redshift-known long GRBs observed with Swift/BAT from Jan.
2005 to April 2015. Low-luminosity GRBs are excluded since they may belong to another distinct population (e.g., Liang et al. 2007; Chapman et al. 2007; . Although the durations of some GRBs, such as GRBs 050724 and 060614, are larger than 2 seconds, we do not include them in our sample since they may be from merger of compact stars (Berger et al. 2005; Gehrels et al. 2006; . The afterglow and host galaxy observations of the high-z short GRB 090426 (T 90 = 1.2s) show that it may be from collapse of a massive star (Antonelli et al. 2009; Xin et al. 2010) . We thus include this GRB in our sample. We finally obtain a sample of -6 -indices (Γ) are taken from the NASA website 2 .
GRB radiation spectra are very broad. They can be well fitted with the so-called Band function, which is a smooth broken power-law characterized with low and high photon indices at a break energy (Band et al. 1993 ). The peak energy (E p ) of the νf ν spectrum ranges from several keVs to MeVs (Preece et al. 2000; Zhang et al. 2011; von Kienlin et al. 2014 ). BAT energy band covers a very narrow range, i.e., 15-150 keV. The GRB spectra observed with BAT are adequately fitted with a single power-law, N(E) ∝ E −Γ (Zhang et al. 2007; Sakamoto et al. 2009 ). Since lack of E p information, we do not calculate the bolometric luminosity of the GRBs in order to avoid unreasonable extrapolation with spectral information derived from BAT data. We calculate their peak luminosity (L p ) using the 1s peak fluxes measured in the 15-150 keV band for our analysis. The distribution of the GRBs in the log L p − log(1 + z)
plane is shown in Figure 1 . A tentative correlation with large scatter is observed. The Spearman correlation analysis yields a correlation efficient of 0.72 and a chance probability p < 10 −4 . With the ordinary least squares bisector algorithm and consider an intrinsic scatter of σ in (e.g., Weiner et al. 2006) , we derive a relation of log L p = (49.98 ± 0.09) + (2.95 ± 0.19) log[(1 + z)] and σ in = 0.72 ± 0.02 by taking the luminosity uncertainty into account 3 .
The flux threshold of Swift/BAT is complicated, and the trigger probability of a GRB with a peak flux close to the instrument threshold is much lower than that of high-flux GRBs (e.g., Stern et al. 2001 Qin et al. 2010 ). In addition, in the image trigger mode, a GRB trigger also depends on the burst duration, hence the burst fluence (Band 2006 , Sakamoto et al. 2007 ).
We adopt a flux threshold as 1.0 × 10 −8 erg cm −2 s −1 , which is available by the BAT team in the NASA web page 4 .It is also shown in Figure 1 .
Measuring the intrinsic L p − z dependence with the τ statistics method
Because the sample is greatly suffered from flux truncation effect, it is uncertain whether the apparent L p − z relation is intrinsic or only due to the truncation effect. The non-parametric τ statistical method is a simple, straightforward way to estimate the truncation effect on an observed correlation (Efron & Petrosian 1992 ; see also Lloyd-Ronning et al. 2002 , Yonetoku et al. 2004 and Kocevski & Liang 2006) . We first apply this method to measure the intrinsic dependence of L p to (1 + z) for our sample. We outline this technique as following.
Firstly, we pick up an associated set of (L i , z i ),
where z i,lim is the redshift corresponding to the flux threshold for a GRB of (L i , z i ), and N is the size of our sample. The number of the set {J i } is defined as N i . Independence between L i and z i would make the number of the sample
uniformly distribute between 1 and N i . To quantify the correlation degree between the two quantities, the test statistic τ is introduced as
where E i = (N i + 1)/2 and V i = (N 2 i − 1)/12 are the expected mean and variance for the uniform distribution, respectively. This τ value is employed to measure the data correlation degree between -8 -the two quantities of L and z in units of standard deviation. In case of that the two quantities are intrinsically independent without any correlation, the τ statistics gives τ = 0. Note that N i should be greater than 5 since this method assumes Gaussian statistics. For the details of this technique please refer to Efron & Petrosian (1992) .
We simply parameterize the cosmic evolution of the GRB luminosity as L = L 0 (1 + z) k for individual GRBs (see also Lloyd-Ronning et al. 2002; Yonetoku et al. 2004) . We vary the k value and derive the corresponding τ value. Figure 2 shows τ as a function of k for our GRB sample. It is found that |τ | = 7.7 at k = 0, indicating that the null hypothesis that L and z are statistically independent is rejected in a confidence level of 7.7σ. In the case of k = 1.49 ± 0.19, we have τ = 0 within 1 σ significance. Therefore, the intrinsic dependence of 49±0.19 . It is much shallower than the apparent one, which is
The apparent log L p − log(1 + z) relation is dominated by the instrument selection effect.
Measuring the intrinsic L p − z dependence with the comics evolution of the luminosity function by Monte Carlo simulations
The evolution of GRB luminosity can also shows up as the evolution of the GRB luminosity function. The GRB luminosity function is usually described with a smooth broken power-law (e.g., Liang et al. 2007 and references therein),
where Φ p,0 is a normalization constant, α 1 and α 2 are the low and high indices of the luminosity function. We suggest that the evolution of GRB luminosity is parameterized with the evolution of
where
We first show how L b may evolve with redshift from the observational data. We plot the cumulative luminosity distributions in different redshift ranges in Figure 3 . One can observe that they show as broken power-laws, with a larger break luminosity (L b ) at higher redshift range.
We fit them with Eq. 4. The results are reported in Table 2 . One can find that L b shows a trend that GRBs at higher redshift tends to be more luminous, but one still cannot statistically claim a correlation between the break luminosity and the redshift based on the current sample since the uncertainty of the L b is very large, especially in the redshift intervals of above z > 1. In the redshift interval of 0 < z < 1, L b is smaller than that in the high redshift intervals with about one order of magnitude. However, we should note that the GRB subset in this redshift interval may be contaminated by the low luminosity GRB population as we mention above.
We measure the k b value by fitting the observed L p and z distributions in a physical context that the GRB rate follows the SFR rate incorporating the cosmic metallicity history by modeling the observational biases as reported in Qin et al. (2010) via Monte Carlo simulations.
We assume that the GRB rate (R LGRB ) traces the SFR and metallicity history (e.g., Li 2008; Qin et al. 2010; Virgili et al. 2011; Lu et al. 2012) . The intrinsic GRB redshift distribution then can be written as
where R SFR (z) is the star formation rate (taken the form parameterized by Yüksel et al 2008) ,
is the fractional mass density belonging to metallicity below ǫZ at a given redshift z (Z is the solar metal abundance) and ǫ is determined by the metallicity threshold for the production of
LGRBs (e.g. Langer & Norman 2006) .
is the co-moving volume element at redshift z in a flat Λ CDM universe, given by
where D L (z) is the luminosity distance at z and c is the speed of light.
We make Monte Carlo simulations based on Eqs. (4)- (7). The parameters of our model
We set these parameters in broad ranges, i.e., α 1 ∈ (0, 2),
.0) and ǫ ∈ (0, 1.6). The details of our simulation method please refer to Qin et al. (2010) . We outline the simulation procedure as following.
• We randomly pick up an ǫ value and generate a redshift z from the probability distribution of Eq. (6), then randomly pick up a set of luminosity function parameters
to calculate the probability distributions of L p at z with Eqs. (4) and (5). We then randomly pick up a L p at redhsift z. A simulated GRB is characterized with a set of (L p , z).
• We calculate the peak flux (F p ) in 15-150 keV band for a simulated GRB, assuming a GRB photon index as Γ = 1.69, which is the average value of the GRB in our BAT sample. The peak flux is compared with the BAT flux threshold to evaluate whether it can be observable with BAT.
• We simulate the trigger probability and redshift measurement probability by modeling these probabilities as a function of the peak flux. The details please see Eqs. (9) and (10) • We generate a mock BAT GRB sample of 258 GRBs (the same size as the observed sample) and measure the consistency between the simulated and observed GRB samples in the log L p − log(1 + z) plane with the probability (P KS ) of the two-dimensional Kolmogorov-Smirnov test (K-S test; Press et al. 1992) 6 .
• We repeat the above steps and generate 10 4 mock GRB samples with different model parameter sets to determine the best parameters and their confidence level. In case of P K−S < 10 −4 , the hypothesis that two data sets are from the same parent can be rejected at the 3 σ confidence level. We therefore estimate the confidence level with P K−S > 10 −4 . Daigne et al. 2006; Liang et al. 2007 ). The ǫ value varies from 0.2 to 0.6 reported in previous paper (Li 2008; Modjaz et al. 2008; Qin et al. 2010) . The derived ǫ value in this analysis is consistent with previous results and also agrees with theoretical expectation of low metallicity for LGRB (e.g., Wolf & Podsiadlowski 2007) . The derived k b value from our simulation analysis is smaller than that derived from the τ statistics method, but it has a very large error bar.
Effects of Observational Biases on the τ Statistics method
As mentioned in §1, the current sample for our analysis is not a completed sample in redshift for a given instrument threshold. It is suffered biases on the flux truncation effect, trigger probability, and redshift measurement. The true instrument threshold for a GRB trigger is complicated. For example, the BAT threshold is generally taken as 1 × 10 −8 ergs cm
as reported by the BAT team, but the trigger probability of a GRB with a peak flux close to the instrument threshold is much lower than that of high-flux GRBs (e.g., Stern et al. 2001 Qin et al. 2010 ). In addition, in the image trigger mode, a GRB trigger also depends on the burst duration, hence the burst fluence (Band 2006 , Sakamoto et al. 2007 ). The biases of redshift measurement are even much complicated. As reported by Qin et al. (2010) , the redshift measure probability of a bright GRB tends to higher than a dim burst, but there are several other detector and observational biases that affect the measurement of the redshift and are independent of the brightness of a GRB, such as galactic dust extinction, redshift desert, host galaxy extinction, etc. (e.g., Coward et al. 2013) . These factors complicate the completeness of the sample selection.
One should keep in mind that the non-parametric τ -statistics method is employed for estimating the intrinsic correlation in a complete sample at a given selection threshold.
To examine the threshold truncation effect on the result of the non-parametric τ -statistics method, we plot the k value as a function of BAT threshold for our sample in Figure 6 . One can observe that k is sensitive to F th . A larger k value is obtained by using a lower F th , and the upper limit of k is that derived from the best linear fit to the data without considering the data truncation effect, as we mark also in Figure 6 . Adopting the BAT threshold as 1 × 10 −8 erg cm −2 s −1 , we get k = 1.49 ± 0.19 accordingly. Note that the current sample is not a complete sample for this threshold since it is suffered biases of GRB trigger and redshift measurement. These biases would make a gap between the data and the threshold line since GRBs with a flux close to the threshold tend to have a low trigger probability and redshift measurement probability. This effect leads to overestimate the k value. We investigate how these biases affect the estimate of k with the τ -statistics method based on our simulation analysis. We model the these biases by fitting the GRB distribution in the log L − log(1 + z) plane in our simulation analysis. With the derived model parameters reported in §4, we reproduce the a mock sample and calculate k as a function of F th , which is also shown in Figure 6 . We have k = 1.66 ± 0.13 by taking F th = 1 × 10 −8 erg cm
It is roughly consistent with that derived from the observed GRB sample, but is much larger than the input of our model for reproducing the sample (k b = 1.14). We further generate mock complete BAT samples of 258 and 1000 GRBs with the best model parameters, says, all GRBs with a flux over the threshold line F th,BAT = 1 × 10 −8 erg cm −2 s −1 are included in the sample without considering the trigger and redshift measurement probabilities. k as a function of F th is also shown in Figure 6 . We have k = 0.94 ± 0.14 and k = 0.80 ± 0.09 from the two mock samples with F th = F th,BAT , respectively. Note that the two mock complete samples are generated with a threshold of F th,BAT . They are "complete" only for F th ≥ F th,BAT . Therefore, the k value derived from the mock complete BAT samples significantly depends on the threshold if the adopted F th is less than F th,BAT . A sub-sample in different size selected from the mock complete BAT samples by adopting a F th being greater F th,BAT is equivalent to a complete sample for the given threshold, and the derived k then weakly depends on F th , as shown in Fig.6 . To further investigate this issue, we generate mock complete samples of 1000 GRBs with different thresholds and show also the derived k from these samples as a function of the corresponding threshold in Figure 6 . One can see that k does not depend on F th , and its mean is 0.75 ± 0.09.
Conclusions and Discussion
We have revisited the intrinsic L p − z relation with two different approaches. Firstly, by simplifying the luminosity of individual GRBs evolves as L p ∝ (1 + z) k , we get k = 1.49 ± 0.19
with the non-parameterized τ statistics method. Secondly, by characterizing the luminosity function of long GRBs as a smoothly broken power-law with L b evolving as
parameterizing the trigger probability and redshift measurement probability as a function of the observed peak flux, we get k b = 1.14 +0.99 −0.47 from simulations under the assumption that the long GRB rate follows the star formation rate incorporating with cosmic metallicity history. Further more, by removing the observational biases of the GRB trigger and redshift measurement based on our simulation analysis results, we generate mock complete samples of 258 and 1000 GRBs based on our simulation analysis and obtain k = 0.94 ± 0.14 and k = 0.80 ± 0.09 with the τ statistics method, indicating that these observational biases may lead to overestimate the k value with this method.
Besides the observational biases of the GRB trigger and redshift measurement, another issue regarding the completeness of the sample is contamination of different GRB populations. Looking at Figure 1 , one can observe that most of the GRBs at z < 0.5 tightly track the flux sensitivity of the BAT, and there is an obvious deficit of medium to high-luminosity GRBs at low redshift. Note that low luminosity GRBs may be a distinct population from typical GRBs and their event rate is much higher than typical GRBs (e.g., Liang et al. 2007 ). The detection rate of low luminosity at low-z then should be much higher than high luminosity GRBs. This may result in most GRBs at z < 1 tightly track the flux sensitivity of the BAT. The deficit of medium to high-luminosity GRBs at low redshift (such as GRB 030329) may be due to their low event rate and a small observable volume at low redshift. Although we have removed some typical low-luminosity GRBs (such as GRB 980425 and 060218), we still cannot convincingly remove the contamination of this population at low redshift. In addition, GRBs from compact star Mergers are also usually detected at low redshift, but they usually show up an spiky pulse with bright peak luminosity (e.g., Lü et al. 2014) . We exclude those GRBs at z < 0.5 and derive an apparent relation of log L p = (50.13 ± 0.10) + (2.66 ± 0.18) log[(1 + z)] the with the ordinary least squares algorithm.
The τ statistics gives k = 1.51 ± 0.20. The slope of the apparent log L − log(1 + z) relation is slightly smaller than that derived from the low-z GRB included sample, and the slope estimated with the τ statistics method is consistent with that from the global sample. Therefore, the possible contamination of low luminosity GRBs and GRBs from compact star mergers is not significantly affects the τ statistics results.
The narrowness of the BAT energy band may also have influence on our results. Note that a GRB spectrum is usually fitted with the Band function. Its E p value may vary from several keVs to GeVs (e.g., Zhang et al. 2011) . Being due to the narrowness of the BAT bandpass (15-150 keV), the observed fluxes are only a slice of the GRB spectra. This makes uncertainty of measuring the bolometric luminosity of GRBs. In order to avoid possible unreasonable extrapolation without broadband spectral information and to keep consistency with the BAT threshold in the 15-150 keV, we calculate the luminosity with the observed fluxes only. Although the luminosity is not the bolometric one and is in a different rest-frame band for each GRB, using the observed flux and corresponding instrument threshold in the same bandpass for our statistical purpose would not lead to significant bias in our results. To justify this argument, we also calculate the luminosity in the 15-150 KeV in the rest frame for the GRBs in our sample and derive the k value accordingly.
We get k = 1.52 ± 0.20, which is comparable to the result derived from the sample that GRB luminosity is calculated in the observed 15-150 keV band, as reported above. Note that the observed log L − log(1 + z) relation has a large intrinsic scatter. Systematical uncertainty of the GRB luminosity with the BAT observations in a narrow energy band may be contributed to the intrinsic scatter in some extend. From Eq. (3), one can observe that the result of the τ statistics is not significantly affected by the intrinsic scatter. Measuring the log L − log(1 + z) distribution by assuming that the GRB rate follows the SFR, Salvaterra et al. (2012) reported k b = 2.3 ± 0.6 or strong comic evolution in GRB number density with a selected redshift-known sample of 52 Swift/BAT GRBs. Employing the L − E p relation to estimate the redshifts for a sample of 498 BAT GRBs, Tan et al. (2013) obtained k b ∼ 2. The derived k and k b values from our analysis are systematically smaller than previous results by these authors. The discrepancy may be due to the sample selections. The large flux-truncated CGRO/BATSE GRB sample and Swift/BAT sample were usually used (e.g., Lloyd-Ronning et al. 2002; Yonetoku et al. 2004; Kocevski & Liang 2006; Tan et al.2013 ), but they have no spectroscopic redshift information available. Pseudo redhsifts estimated with the empirical luminosity-indicator relations have great uncertainty. Although the samples used in some previous papers have redshift information, they are rather small and even collected from GRBs detected by instruments in different energy bands (e.g., Salvaterra et al. 2012; Petrosian et al. 2009 ). For example, the GRB sample used in Petrosian et al. (2009) is not selected by a given threshold since they were detected by instruments in different thresholds and energy bands, i.e., BATSE (25-2000 keV), Beppo-SAX (40-700 keV) , HETE-2 (2-400 keV), and Swift (15-150 keV).
More importantly, the observational biases of GRB trigger and redshift measurement are not taken into account in previous analysis. This may lead to over-estimate the k value, as we mentioned above. Qin et al. (2010) showed that the Swift observations can be well reproduced by assuming that the GRB rate follows the SFR incorporating the cosmic metallicity history and the cosmic evolution in GRB number density without introduce any cosmic luminosity evolution (see also Wanderman & Prian 2010) . Coward et al. (2013) even proposed that it is not necessary to invoke luminosity evolution with redshift to explain the observed GRB rate at high-z by carefully taking selection effects into account (see also . Thanks to Swift/BAT, we now have a considerable uniform sample of 258 GRBs with redshift measurement. However, with the large uncertain of k b derived from our simulation analysis, we still cannot convincingly argue a robust evolution feature of GRB luminosity.
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c All of the 1-sec peak spectra of bursts are fitted to a simple power law gives a photon index Γ . and deriving k values from these samples with the corresponding threshold. The grey band shows the k value directly derived from the best fit to the data without considering any truncation effect, which should be the upper limit of the k value. The vertical dashed line marks the BAT threshold.
All mock GRB samples are generated from our simulations with the best parameter set as reported in the main text. For generating a mock complete sample, biases of GRB trigger and redshift measurement are removed in our simulations.
